A sensor based on the electrochemiluminescence (ECL) of the Ru(bpy) 3 2+ complex is attractive in analytical chemistry because of its high substrate selectivity and high sensitivity. 1 -4 It is desired that the ECL sensor has a higher selectivity compared to ECL-based flow-through detectors for HPLC which have been reported by many reseachers. 5 We have prepared an ECL-optic oxalic acid sensor having a Pt electrode coated with chitosan to which Ru(bpy) 3 2+ complex moieties are covalently bonded. 6 The oxalic acid sensor takes advantage of some characteristic properties of chitosan: the high content of a basic amino group, the high hydrophilicity and the ability to form a transparent thin film. The selectivity toward oxalic acid, however, is not very satisfactory for applications to practical samples. The sol-gel method, on the other hand, gives a simple process which can be used to prepare gel materials that can immobilize different functional reagents in working electrodes. For example, Glezer and Lev 7 have prepared a glucose sensor having a Pt electrode coated with a vanadium pentaoxide matrix entrapping glucose oxidase. Dvorak and Armond 8 have reported a determination of Ru(bpy) 3 2+ by preconcentration into Pt and ITO electrodes coated with silica gel. Dominguez et al. 9 have studied the electrochemical behaviors of graphite electrodes coated with an ionexchange polymers/silica gel. We have recently prepared a Pt electrode coated doubly with Ru(bpy) 3 2+ -modified chitosan and silica-gel layers, which has been successfully applied to an ECL optic sensor with improved selectivity toward oxalic acid. 10 In the present paper we report on the fundamental behaviors, such as the potential dependence and the decay of the responses.
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Experimental

Materials and apparatus
Ru(bpy) 3 2+ complex-modified chitosan was prepared from chitosan and bis(2,2¢-bipyridine)[4-methyl-4¢-(6-bromohexyl)-2,2¢-(bipyridine)]ruthenium(II) perchlorate. 6 Tetramethoxysilane (TMOS) was purchased from Shin-etsu Chem. Co. All other chemicals were of reagent grade or better and used without further purification.
Voltammetric experiments were performed using a system constructed by a Hokuto Denko HB 104 function generator, a Hokuto Denko HA 301 potentiostat and a Yokogawa 3086 X-Y recorder. The standard three-electrode arrangement consisted of a coated Pt disk (1.6 mmf), a Pt counter electrode and a Ag/AgCl reference electrode. A solution containing 0.1 M KNO 3 and 0.05 M phosphate buffer of pH 6.8 was used as the supporting electrolyte. Highly pure nitrogen was passed through an electrolytic cell thermostated at 25.0±0.2˚C prior to a measurement.
ECL experiments were carried out using the same apparatus as reported previously 6, 10 at room temperature; the potential applied to the photomultiplier was 900 V. The thickness of the membranes on the working electrode was determined by a Surfcom 575A surface texture measuring instrument (Tokyo Seimitsu Co., Japan).
Preparation of sensor probe
TMOS, water and methanol were mixed with a 2% ethanol solution of Triton 100 and stirred for 1 h at room temperature; the molar ratio of TMOS: water: methanol was 1:53:19 and hydrochloric acid was used as the catalyst. A drop (5 ml) of the precursor solution was applied to a Pt electrode coated with the Ru(bpy) 3 2+ -modified chitosan (ca. 5 mm) and air-dried at room temperature. The same coating procedure was repeated again and air-dried at room temperature overnight to give a working electrode. The thickness of the obtained Ru(bpy) 3 2+ -modified chitosan/silica gel double layer was ca. 6 mm. Coating with the modified chitosan was carried out by the same method as previously reported. of 5 mm diameter, which was surrounded by a Pt wire counter electrode (1 mmf), an Ag/AgCl reference electrode (1 mmf) and the coated Pt working electrode.
Results and Discussion
Cyclic voltammetry Figure 1 shows a cyclic voltammogram of a Pt electrode coated with a Ru(bpy) 3 2+ -modified chitosan/silica gel double layer. The anodic peak potential, ca. 1.10 V, was almost the same as that obtained with a Pt electrode coated singly with the Ru(bpy) 3 2+ -modified chitosan 6 , while the anodic peak current was 20% lower. The lower current may have been due to a penetration of the nonconductive silica gel between the Ru(bpy) 3 2+ redox sites, which could have depressed the charge transfer between the Ru(II) and Ru(III) species in the membrane. This depression may be supported by a larger tail on the anodic wave. Figure 2 shows a typical ECL response of the doubly coated electrode to oxalic acid in a 0.05 M phosphate buffer of pH 6.8. Upon the application of a potential of 1.10 V, the response reached a stationary value within 15 s, analogously to that obtained with the singly coated electrode. 6 As shown in Fig. 3 , the applied potential dependences of the ECL intensities for three analytes were different from one another. The potentials needed to give a maximum response were 1.1, 1.0 and 1.3 V for oxalic acid, ascorbic acid and proline, respectively. The ECL mechanism for the Ru(bpy) 3 2+ /oxalic acid system has been proposed as follows: 11 Ru(II) ¾® Ru(III)+e (1 Oxalic acid is oxidized at an applied potential of 1.1 V by the Ru(III) species generated through oxidation of the Ru(II) species on an anode (Eqs. (1) and (2)). The oxidized oxalic acid decomposes to give a strong reductant that reduces the Ru(II) to the Ru(I) species (Eqs. (3) and (4)); electron transfer from Ru(I) to Ru(III) gives an excited state of Ru(II) that emits light (Eqs. (5) and (6)). Ascorbic acid, on the other hand, may be directly oxidized on the anode at lower potentials because the oxidation potential (0.40 V 12 ) is fairly lower than that of oxalic acid (1.4 V 6 ). It thus 440 ANALYTICAL SCIENCES APRIL 1998, VOL. 14 A potential of 1.10 V vs. Ag/AgCl was applied at "on" and was removed at "off". Fig. 3 Effect of the applied potential on the ECL intensity with oxalic acid ( ), ascorbic acid ( ) and proline ( ). The concentrations of the substrates were 1.00 mM. The other experimental conditions are the same as in Fig. 2 .
Potential dependence of ECL
seems likely that ascorbic acid furnishes, at lower potentials, larger quantities of an analogous strong reductant, a key intermediate for emitting light. This appears to be associated with the lower potential yielding the maximum response. In contrast, a higher oxidation potential of over 1.4 V for proline 13 probably brings about no, or less, formation of a strong reductant, even at the oxidation potential of Ru(II) (ca. 1.1 V, see Fig. 1 ), leading to a higher maximumresponse potential. Although the applied potential is thus an important factor in determining the substrate selectivity, the application of higher potentials over 1.4 V should be avoided, since it causes the membrane to peel off from the electrode surface.
Calibration curves for oxalic acid and ascorbic acid
As shown in Fig. 4 , a linear calibration curve was obtained for oxalic acid in the concentration range of 0.1 to 10 mM (correlation coefficient, 0.995); the detection limit was 0.02 mM when S/N=3, being low enough to be applied to practical samples, such as plants and human urine. The relative standard deviations (RSD) were less than 3.7% when the same probe was used (n=5). In addition, the calibration curve for ascorbic acid also gave a straight line in the concentration range of 0.5 to 5 mM with a detection limit of 0.05 mM; the RSD was within 6.9% when n=5. Figure 5 shows the decays of the responses of doubly and singly coated electrodes to 1.00 mM oxalic acid. The response of the doubly coated electrode continued to fall just slightly over one month, and more steeply after forty days when it decreased to 82% of the initial value, while the response of the singly coated one descended abruptly just after 9 d. This result suggests that the silica-gel coating enhances the durability of the doubly coated electrode. At the present stage, however, the reason for the improved durability is still obscure. 
Durability of the probe
